More frequent occurrences of major fish kills and more focus on watershed management have recently increased efforts to better control non-point sources of pollution. Land applied materials, such as biosolids and manure, are major sources of agricultural nutrients. A major focus is being placed on phosphorus (P) management, since it is often applied in excess of crop requirements via organic P sources. Some states are implementing, or at least considering, Pbased land application rates, instead of the traditional nitrogen (N) based application rates. With N-based application rates, P is typically over-applied. If P-based (limiting) application rates are used, biosolid land application programs could be significantly restricted due to P limitations. Additionally, the N-needs of the crops would not be met. Farmers would be forced to apply supplemental N fertilizers to meet crop needs.
The P Index tool is being developed by the Natural Resources Conservation Service. It is being considered by more than 20 states as a way of evaluating P risk. The purpose of the P Index is to provide a method of assessing various landforms and management practices for potential risk of P movement to water bodies. One component of the P Index is the organic P source application rate. Not all of the P contained in organic P sources (i.e., biosolids and manure) represents an immediate threat to the surrounding environment. Therefore, identifying a method of P determination (other than total P measurement) in organic P sources is becoming critical.
An appropriate method of P determination in biosolids must be identified. Because of the varying characteristics of biosolids, a "one-size-fits-all" measure, such as total P, is not appropriate. Some measure of plant available (bioavailable) P is preferred. Overestimating plant available P with P-based application rates could result in increased land area requirements for biosolids disposal as well as supplemental N fertilizer requirements. Underestimating plant available P could compromise the surrounding water quality. Unfortunately, the P issue is more complicated than considering only one parameter. This illustrates the need for a tool such as the P Index. By improving the accuracy of each of the parameters, the P Index could become a very powerful tool for biosolids managers. This paper presents the results of recently completed work and the implications of its findings. Thirty-seven biosolids, representing a range of treatment processes were analyzed for extractable P using the neutral ammonium citrate (NAC) procedure. Various manures and inorganic P fertilizer samples were also tested for comparison. This extraction is used by Pennsylvania in its official (inorganic) fertilizer testing program, and is commonly applied to other materials (due to its simplicity and broad acceptance as a P test method). For all materials tested, the NAC- 
INTRODUCTION
Nearly seven million dry tons of biosolids were produced in the United States in the year 1998 (U.S. EPA, 1999) . This represents an enormous resource of useable organic matter and nutrients, as well as a raw material that can be used in other manufacturing processes. Further, land application of biosolids is one of the most common beneficial ways of utilizing this material. The biosolids supply needed organic matter and nutrients to agronomic crops. However, the nutrient ratio (N:P) in biosolids is, in many cases, much different than the nutrient ratio needed by the crops. On average, if the N requirement of the crops is met, the biosolids may supply up to ten times the amount of P required by the crops. This represents an enormous overabundance of P being applied to the cropland. While generally not an agronomic problem, excess P may be transported away from the application site and contribute to eutrophication of nearby water bodies.
This problem has gained more attention in the last several years due to incidences such as Pfisteria outbreaks in the Chesapeake Bay area, reportedly linked to this type of nutrient pollution (Forste, 1999) . The state of Maryland has passed (and other states are considering) legislation requiring that application rates of biosolids and other wastes be based not only on their N content, but also on their P content. According to Maryland's 1998 Water Quality Improvement Act, by the year 2004, all nutrient management plans (including application of biosolids) for farms in Maryland over a specified size must be based not only on the N needs of the crop, but also on the P requirement. If biosolids are applied at a rate that will supply only enough P to the crops (and no excess), there could be as little as only ten percent of the N requirement met. The repercussions of this are twofold: up to ten times the land area will be required to utilize the same quantity of biosolids, and farmers will have to apply not only the biosolids, but an additional N fertilizer to meet crop needs. Both of these results could potentially put an end to biosolids recycling through land application. The American public could see a large fraction of those seven million dry tons ending up in landfills because land application is no longer an economical end use. One unanswered question is the extent to which biosolids P is available for crop uptake or transport off-site. There is not yet any quick or reliable way designated to determine this value. Up to this point, in many cases, a P availability of 100% has been assumed. However, research suggests that P availability ranges from nearly 0% up to 100% of the total P (de Haan, 1981; Larsen, 1981; McCoy et al., 1986; Häni et al., 1981; Wen et al., 1997; and Frossard et al., 1996) . This doesn't present a problem as long as application rates continue to be based only on the N content of the biosolids, as is most commonly done, and the P content isn't considered. However, we are likely to see more and more P-based application rates for biosolids in the near future. Therefore, measuring "total P" and simply assuming that 100% of the total P in the biosolids is agronomically available could grossly underestimate the quantity of biosolids that can be 'safely' applied to a crop without compromising water quality.
There are many different tests available for determining available P in materials such as soils and fertilizers. These procedures attempt to assess the fraction of the total P that is labile (i.e., available to crops or environmentally mobile). These tests have been correlated with plant uptake of P from these materials, and they do yield results different and somewhere less than the total P. However, there is no such readily used test for biosolids that has correlated P extractability with plant uptake. Biosolids P is treated similarly to the P in manure, which is considered to be 100% available, according to Penn State's 1999-2000 Agronomy Guide. As the legislative trend toward P-based nutrient management continues to gain momentum, more reliable measures of P availability will be needed. Thus, there is a need to consider existing analytical methods to evaluate their potential applicability to biosolids. Available P tests must be examined one by one, and either eliminated or considered for further research in this area.
The NACs extraction, as outlined by the Association of Official Analytical Chemists (AOAC), is the official method used by the Pennsylvania Department of Agriculture (PDA) to determine "available" P (i.e., P available for plant uptake) in fertilizers sold in the state of Pennsylvania. Since biosolids recycling takes advantage of the fertilizer characteristics of the biosolids, this extraction was chosen as a way of determining available P in a material that could be categorized as a fertilizer. However, this extraction was not designed for materials with such high organic matter content as biosolids; it was originally designed for traditional inorganic P fertilizers. Up to this point, there have been no reported results of the application of this NAC extraction to biosolids or other high organic matter materials, such as manures. Since the procedure was designed for traditional inorganic P fertilizers, this research focused on the method's appropriateness for biosolids. The research attempted to apply this extraction to a large number of biosolids produced by a variety of treatment processes (i.e., aerobic or anaerobic treatment, composting, lime stabilization, etc.). In addition to varying treatment methods, biosolids generated using different nutrient removal chemicals (i.e., aluminum (Al) or iron (Fe) salts) were also investigated.
BACKGROUND The Use of Biosolids in Land Application
Direct land application accounted for over 40% of the 6.9 million dry tons of biosolids that were generated in the United States in 1998. In addition to these 2.8 million dry tons, another 12% (0.8 million dry tons) of the biosolids received advanced treatment, such as composting or heat treating (pelletizing), followed by land application. Further, approximately 7% (0.5 million dry tons) were beneficially used in some other way, such as part of alternative daily cover in landfills. Combined, this is the equivalent of around 60% (over 4 million dry tons) of the total biosolids generated in 1998 being applied to the land in some form (U.S. EPA, 1999) . The state of Pennsylvania currently shows a similar trend in biosolids recycling, with 60% being utilized through land application (Goldstein and Block, 1999) .
Land application, including direct land application and the application of composted, dried, pelletized material, etc., has been steadily increasing over the last several decades. The U.S. EPA (1999) predicts that beneficial use will rise from the current 60% of total biosolids generation to as high as 70% by the end of this decade. The biosolids material contains millions of pounds of N and P, making it a significant primary nutrient source, as well as a source of additional organic material, for farmers.
The EPA cites several reasons for projecting this continuing rise over the next decade (1999) . First, in the past, the trend has been that the regulatory climate at both the state and federal levels has encouraged the beneficial use of biosolids. This has taken place through the passing of regulations pertaining specifically to beneficial use, as well as by discouraging other disposal practices (such as landfilling) through stringent regulations and higher costs. Biosolids recycling via land application is also on the rise because public perception is being improved in some areas of the country through public education and outreach. The Pennsylvania Department of Environmental Protection (DEP) provides a good example of this outreach with the biosolids section on their webpage (http://www.dep.state.pa.us/dep/biosolids/biosolids.htm). This site provides a variety of information to the public, both technically and generally informative, regarding the benefits of land application of biosolids. Finally, beneficial use of biosolids is increasing as a result of increased knowledge and understanding through research dealing with the effects of land application of biosolids on public and environmental health and safety (U.S. EPA, 1999). For example, a survey of information from AASL at the Pennsylvania State University shows that trace element concentrations in biosolids have steadily decreased from 1978 through 1993, and slightly decreased from 1993 to 1997 (Stehouwer et al., 2000) . So, it appears that, on some fronts, the conditions are favorable for the practice of land application of biosolids to continue to increase. Whether this rise in land application of biosolids does, in fact, continue remains to be seen.
If biosolids are not beneficially used in some way, they must be disposed. The most common disposal practices include landfilling, surface disposal, and incineration. These practices account for most of the remaining 40% of the biosolids generated. However, for the most part, these practices have been decreasing in frequency. This downward trend is due to regulatory influences, continuing improvements in biosolids quality, and the growing popularity of the beneficial uses of biosolids (U.S. EPA, 1999 wastewater treatment operations could be easily adapted to meet the Part 503 definitions of land application (U.S. EPA, 1999) . This trend is promising in that a valuable source of nutrients and organic matter will not have to be wasted by sealing it (or its ashes) away in a landfill.
Traditionally, land application rates of biosolids have been based on the amount of N contained in the biosolids and the agronomic N needs of the plants. However, the N and P levels in the biosolids are not in the same proportion as those required by plants. Nutrient removal standards are becoming increasingly more stringent in today's wastewater treatment plants, leading to correspondingly higher P levels in the biosolids they are producing (Kyle and McClintock, 1995) . Based on a survey of information collected at the Pennsylvania State University's AASL from 1978 to 1997, it was identified that P concentrations have been gradually increasing since the early 1980's (Stehouwer et al., 2000) .
Basing application rates on the N levels in biosolids, as is currently done, regularly results in excessive total P additions. If the P is assumed to be 100% available, as suggested in the Penn State Agronomy Guide (in reference to manure application rates) (1999) (2000) , applying biosolids based on N regularly yields P levels as much as ten times those required for crop uptake. N-based application rates are currently being re-evaluated in some areas, such as Maryland, New Jersey, and Florida.
The problem associated with P-based regulations is that application of biosolids based on P requirements could lead to nearly ten times the amount of land area needed to utilize the same amount of biosolids, as well as the need for an additional N fertilizer to supplement the deficiency. Basing application rates on P levels will make land application of biosolids a much less attractive and less economical option for both the wastewater treatment plants and the farmers. N-based application rates lead to excessive P applications that, when improperly managed, can cause problems associated with non-point source pollution, such as eutrophication. P-based application rates lead to N deficiencies, requiring farmers to rely on additional N fertilizers to meet the needs of their crops.
It is important to keep in mind that when proposing stricter land application regulations, the impetus should be to protect the quality of the surrounding water resources, not to arbitrarily place restrictions on land application of biosolids. Unfortunately for the regulators (and the biosolids community), the equation is not as simple as just determining the nutrient needs of the crops and the nutrient content of the biosolids. The situation is much more complicated, including factors such as the soil's existing P content and its ability to retain or leach additional P, the conservation management practices used by the farmer, the climate, and other factors. All of these things must be considered when attempting to estimate the potential for P from land applied biosolids to leave the site, travel to nearby waterways, and potentially cause nutrient pollution problems. The plant available P in biosolids is one part of a complicated equation. Nonetheless, it may play a very important role in determining the future of land application.
Phosphorus and Eutrophication
Along with the rise in land application of biosolids comes a growing concern over the effects of excess nutrients entering our nation's waterways. Recent occurrences of fish kills in the Chesapeake Bay and surrounding water bodies have triggered increased awareness of non-point source pollution of vulnerable waters. For example, a fish kill of more than 30,000 fish in Maryland's Pocomoke River in 1997 caused public outcry, urging resource managers and public officials to take action. Media coverage dubbed the issue the "Pfiesteria hysteria" for the organism determined to be responsible for the fish kill, Pfiesteria piscicida. The suspected cause was non-point source pollution. Nutrient enrichment of water bodies has been linked to the presence of the toxic form of Pfiesteria. Attention was focused on P because of the excesses of P being applied in nearby agricultural operations (Forste, 1999) . P is also the focus of attention in attempts to reduce man's contribution to freshwater eutrophication. N and P both contribute to eutrophication, but more often P is the limiting nutrient because many algae are able to fix nitrogen from the atmosphere. As such, controlling P inputs becomes the critical step in reducing agricultural nutrient pollution of surface waters.
Since the passage of the Clean Water Act in 1972, point source pollution has become less of a problem as a result of increasing point source pollution controls. Non-point pollution sources have become more the focus of attention in efforts to improve the quality of our water resources. Agricultural runoff is a major contributor to problems associated with non-point source pollution. The fertilizers, manure, and biosolids, all sources of essential plant nutrients, applied to the land contribute to excess nutrients, creating the problem of eutrophication. The future of land application of biosolids hangs in a precarious balance, with increased efforts to squash various sources of non-point source pollution. Land application of biosolids seems to be an easy target. For example, land application of biosolids, although not stated outright, has effectively been banned completely in some areas of Florida (Florida DEP, 1998) . Regulators are requiring increased efforts to improve the quality of the vulnerable areas, such as the Florida Everglades Protection Area (Florida Statute 373.4592), Lake Okeechobee (Florida Statute 373.4595), the Green Swamp Area (Florida Statute 380.0551), and others. Land application of biosolids is an easy target on which to take action. While land application is not explicitly forbidden, the rule requires agricultural use plans for all wastewater management facilities. These plans must consider the nutrient content of their residuals, with the rule implying that N is the main concern, except in areas "identified…by the Department as being subject to restrictions on phosphorus loadings…[where] the plan shall also address the potential for phosphorus movement from the site…" (FL DEP, 1998) .
Investigating better management methods in biosolids land application is more of a long-term solution. An effective ban of land application in some areas is a "quick fix" that will satisfy many critics in the short-term; however, it may actually have minimal effect on the P loads to aquatic systems. So, those in favor of land application of biosolids must be aware that the practice will continue to be criticized in the face of increasing problems with eutrophication.
Eutrophication is actually a natural process. However, in nature, it happens at a much slower pace than it does with man's influence. Accelerated eutrophication is cause for concern for several reasons. The most direct and defining result of accelerated eutrophication of a water body is increased plant and algae growth within the water body. The excess plant growth leads to several other problems. First, the extra vegetation tends to block out light for other types of organisms in the water body. Without enough light, these organisms will perish and settle to the bottom of the body of water, along with the excess plant material that also settles to the bottom. Next, this organic matter that settles to the floor will decompose, depleting the level of dissolved oxygen within the water body. The decomposition will also trigger changes in pH, as well as alter the solubility of other chemical species. Any organisms sensitive to these conditions (low dissolved oxygen, a narrow pH range, or changes in metals coming into solution or precipitating, for example), will be unable to survive these conditions. They, too, will settle and begin to decompose, reinforcing the negative impacts of the cycle.
Where do biosolids come into play with the problem of eutrophication? Biosolids are often applied to farmland just as are other types of traditional inorganic P fertilizers. As biosolids managers, it is necessary to ensure that biosolids management practices are carried out in ways that decrease the negative effects leading to eutrophication. When new regulations are developed, biosolids managers may need to revise current management plans in order to conduct business in a way that minimizes negative impacts associated with land application of biosolids.
Biosolids Regulations
The practice of land application of biosolids is regulated at both the federal and state levels. In Pennsylvania, land application of biosolids is managed by the general permitting system. Each generator must establish the quality of its biosolids by documenting the pollutant levels, the human pathogen levels, and the steps taken to reduce vector attraction. After it has been established that the biosolids are of acceptable quality, they may be applied to several application sites, provided that all site management requirements are met. In Pennsylvania, cumulative application rates are based on the lifetime loading of the regulated pollutants, and annual application rates are based on the N requirements of each crop (and the N content of the biosolids) (Stehouwer, 1999) . Biosolids application rates are determined the same way as are manures in Pennsylvania, according to the Penn State Agronomy Guide and the Pennsylvania DEP's Manure Management for Environmental Protection (Manure Manual).
Until the last few years, biosolids land application rates were determined across the country based on the N requirements of the crops. However, recent developments in several MidAtlantic States are beginning to change this common practice. After the scare the state of Maryland had in the Pfiesteria outbreak in the Chesapeake Bay, changes in regulations of biosolids land application would soon take place. The Maryland General Assembly passed legislation in the spring of 1998 that was one of the most aggressive efforts to improve water quality that this country has seen. Maryland's Water Quality Improvement Act of 1998 is the first state legislation to require that land application of biosolids be based not only on the N needs of the crops, but also on the crops' P needs. Application rates must consider the P requirements of the crops, and biosolids may not be applied at rates supplying more P than can be used by the crops. By July 1, 2004, farmers applying manure or biosolids to cropland must have N-and P-based nutrient management plans developed, and they must be implemented by July 1, 2005 (Maryland Department of Agriculture, 1998).
While Maryland is the first state to explicitly write P-based biosolids land application rates into their regulations, it is reasonable to predict that other states may follow their lead. For example, at least one land application site in New Jersey has been instructed by the New Jersey DEP to apply P-based nutrient planning to the re-issuance of this site's land application permit (Daniel Reed, personal communication, 2001) . While this standard has not been written into New Jersey's regulations as of yet, it is likely that it may find its way there in the near future.
The Rutgers Cooperative Extension has recently released a series of fact sheets regarding land application of sewage sludge (biosolids). These fact sheets indicate that land application rates should be calculated based on the N requirements of the crops, but they also mention the potential for overapplication of P. In the first fact sheet, Guidelines for the Land Application of Sewage Sludge for New Jersey Agriculture, the authors note the importance of implementing necessary conservation measures in order to reduce the risk of erosion and (nutrient) pollution of nearby waterways. They also note that addition of biosolids is not recommended on soils testing above optimum P levels, based on Mehlich-3 soil test results (Krogmann et al., 2000) . While these suggestions are not yet written into law, they are listed in the Cooperative Extension fact sheets from Rutgers University, the state university of New Jersey. They will be consulted often in biosolids management and planning in New Jersey, just as the Penn State Agronomy Guide is consulted for guidance in land application projects in Pennsylvania.
Importance of Phosphorus Determination in Biosolids
With the possibility of more states requiring P-based nutrient management, identifying an accurate method of determining plant available P in biosolids is becoming more critical.
Researchers must continue to sort out what fractions of P in biosolids are available for plant uptake, what fractions hold potential for problems associated with nutrient pollution, and what fractions may possibly be considered benign in terms of environmental impacts.
Regulations governing application rates for land application of biosolids have already been discussed. In asserting the importance of P determination in biosolids, it is useful to consider various documents, other than state or federal law, that offer guidance on biosolids land application rates as well. For example, in the U.S. EPA's Process Design Manual for Land Application of Sewage Sludge and Municipal Septage (1995) , it is stated that P in biosolids may be considered to be about 50% as available as P in traditional inorganic P fertilizers, such as TSP, which are typically considered to be 100% available for plant uptake. In contrast, the Penn State Agronomy Guide (1999 Guide ( -2000 suggests that the P in manures (to which biosolids are commonly compared) can be considered to be the same as the P in commercial fertilizers (i.e., 100%). Further, in a bulletin released by the Pennsylvania Agricultural Experiment Station at the Penn State University (1985) , it is stated that only 40% to 50% of P in composted municipal sewage sludges will be available for plant uptake in the first year that the sludge is applied. With such a wide range of suggested P availabilities in guidance documents, it is prudent to establish a method to distinguish P availability in different biosolids instead of relying on such general (and conflicting) recommendations.
If the literature is examined, a similar wide range of reported biosolids P availabilities can be seen. For example, de Haan (1981) found that plant availability of P in sewage sludge from treatment facilities in Finland ranged from 20% to 100% compared to the availability of P in the inorganic P fertilizer, monocalcium phosphate (MCP) (considered to be 100% available). All of the sludges in this study were air dried and then mixed with a sandy soil. The effects on P availability of drying and possible interaction between the soil and the sludge were uncertain, according to de Haan (1981). Frossard et al. (1996) assessed the importance of soil available P and sludge origin on the utilization of sludge P by plants. They looked at the uptake of sludge P by ryegrass from sludge amended soils. They found that the utilization of sludge P by ryegrass was consistently lower than the utilization of P derived from a water soluble fertilizer (i.e., MCP). In their study, they found that the percentage of P derived from the sludge and taken up by the ryegrass ranged from 6.48% to 7.80%. Wen et al. (1997) examined three types of sludge and a composted livestock manure to evaluate sodium bicarbonate extractable P. They used digested, dewatered sewage sludge, irradiated sewage sludge, irradiated and composted sewage sludge, and the manure. Using a 0.5 M sodium bicarbonate extraction, they found that the manure was 30-70% extractable, while the sludges ranged from 0.8% to 5.6% extractable. Despite the sludges having much higher P concentrations than the compost, the extractable P was much lower. They speculate that the reason for the difference is due to the addition of Fe and Al to the sewage sludge during processing.
In another study, Larsen (1981) concluded that there was no difference between the P availability in various types of sewage sludges and superphosphate fertilizer, based on cuttings and subsequent P analysis in Italian ryegrass. Larsen also concluded that the chemicals used to precipitate P from wastewater have no effect of the availability of P in biosolids. This is in direct contrast from the first study mentioned. Häni et al. (1981) evaluated nine different biosolids using a 2% citric acid procedure, comparing the results of this procedure to the results of plant uptake studies. They found that the citric acid extractable P of biosolids ranged from 20% to 100% of total P. A correlation existed (r = 0.94) between the citric acid extractable P and the actual P taken up by plants. Based on the high correlation value, the 2% citric acid extraction used by Häni et al. (1981) satisfactorily estimated actual plant available P in the biosolids used in their study. However, while a good correlation exists, the fact remains that in both the chemical analyses and the vegetative tests, the P availability ranged from 20% to 100% of the total P, again suggesting that a one-size-fits-all approach may not be appropriate for the consideration of P in land application of biosolids.
There has been work done investigating the behavior of P in biosolids, and a wide variety of results have been obtained. Further, this is complicated by the fact that many of these studies were conducted on biosolids / soil mixtures, which makes it difficult to sort out the effects on P availability of the biosolids alone. More work is needed to determine the characteristics of P in biosolids alone to ensure that management decisions are made wisely.
Expanding the knowledge base of topics such as the characteristics of P in biosolids will likely have an effect on the future of land application of biosolids. For example, if future regulations are written to require P-based biosolids land application rates, and biosolids P is considered to be 100% available (i.e., all the P contained in the biosolids is able to be utilized by plants), the quantities of biosolids which may be land applied will significantly decrease. The required land area will be multiplied several times, and biosolids recycling via land application will become much less popular, perhaps without sound reasoning. Conversely, if a way is found to sort out the amount of P which is potentially available for plant uptake, the differing P availabilities suggested in some of the literature (previously cited) can be easily determined using the identified procedure. Some fraction of available P for each material, rather than simply total P can be used as a measure in determining land application rates. Biosolids management can be conducted on a case-by-case basis, taking into consideration factors unique to each biosolid material and each application site, rather than inappropriately using a one-size-fits-all management strategy.
Figure 1 (a), shows what some believe is the current situation, with N-based application rates and the assumption of 100% P availability. This leads to the N needs of the crop being met, with excess total P being applied. If the excess P leaves the site, there could be problems associated with eutrophication of the nearby waterways. illustrates what could perhaps actually be the case now, with N-based application rates. The actual P availability is represented as somewhere less than 100%. For the purposes of this illustration, an availability of 30% was chosen, which could represent some composted biosolid. (For example, Sikora et al. (1982) report that the relative P availability from sewage sludge compost is 25% to 40%.) This leads to both the N and the P needs of the crop being completely balanced with the nutrients being supplied by the biosolids. The P which is labeled unavailable is considered to be environmentally inactive (i.e., bound to some species which makes it unreactive), and therefore it does not pose a threat for eutrophication.
Figure 1 (c) illustrates one scenario that could take place if P-based nutrient management were required. If P was assumed to be 100% plant available, the biosolids would be applied to meet the P needs of the crop, but there would be a large N deficiency. Farmers would be forced to apply large amounts of supplemental N fertilizers in order to meet the nutrient requirements of their crops. Also, in this case, a smaller quantity of biosolids could be applied with P-based application rates, so more land area would be required to utilize the same quantity of biosolids.
Finally, consider Figure 1 (d) . Again, this illustrates P-based application rates. This example shows what would happen if application rates were determined on a P basis, assuming 100% P availability, when the actual P availability was something less than 100% (again, 30%). This scenario leads not only to insufficient N being applied, but also to a P deficiency. This scenario, which is entirely possible, doesn't meet the plants' needs of either N or P! If the actual P availability were determined, the nutrient needs of the crops would be more closely matched with biosolids applications, and larger quantities of biosolids could be safely utilized via land application. The preceding set of scenarios illustrates the importance of determining the actual P availability in land applied biosolids, rather than making gross assumptions to cover broad ranges of land application situations.
The NAC Extraction
The NAC extraction is the method used in the state of Pennsylvania to evaluate the P content in fertilizers sold within the Commonwealth, following the protocols written in the Official Methods of Analysis of AOAC International (1995).
This method dates back to the later part of the nineteenth century and is attributed to the research of three German scientists, R. Fresenius, C. Neubauer, and E. Luck (1871). The procedure originally consisted of washing the fertilizer sample with water, and then digesting the residue in a solution of NAC for 30 minutes at a temperature of 30-35 o C (Ross and Hardesty, 1936) . At the first official meeting of the AOAC in 1884 (then known as the Association of Official Agricultural Chemists), the method of Fresenius et al., with several slight modifications, was adopted as their official analysis to determine chemically extractable P in fertilizers (Ross and Jacob, 1931) . At this first meeting, the Association modified the temperature of the digestion from 30-35 o C to 65 o C (AOAC, 1884). Also, at some point prior to 1898, a fertilizer sample size of 2 g was specified (USDA, 1899). Over the years, much research surrounded this extraction, and except for minor modifications, the extraction has remained relatively unchanged over the last century. In the 1920's, it was investigated whether a 2-g sample size or a 1-g sample size yielded better results based on vegetative tests. In 1930, the Association officially elected to change the method to include a 1-g fertilizer sample size rather than the 2-g charge in order to obtain results that more closely correlated with the results from actual vegetative tests (Lapp, 1931) . At this time, the digestion period was also changed from 30 minutes to one hour. In the late 1940's, it was investigated whether there was a difference in the results from the official method of shaking the sample and solution intermittently during the digestion (i.e., for five seconds every five minutes), as was the current method at that time, or continuously mechanically agitating the samples through the entire one-hour period (Jacob et al., 1948) . Later that year, continuous agitation was adopted as a second option to intermittent agitation (AOAC, 1949) , and in 1958, intermittent agitation was deleted as an option (AOAC, 1959) . From then on, the method existed as it does today. Other research has been conducted, for example, on different methods of analyzing the extracts and suggested new, quicker extractions. However, none of this research prompted any further actions by the AOAC, and the extraction itself has not been changed. Research did include the investigation of ICP evaluation (discussed in Chapter 4 and Chapter 5) as a way to determine P in the fertilizer extracts (Jones, 1982; Hamalová et al., 1997) . Favorable results were obtained; however, no further action towards adopting ICP as an approved method of analyzing the extracts was taken by the AOAC.
The AOAC methods analyze for water-soluble P, citrate-soluble P, and citrate-insoluble P. Each analysis targets different P compounds in the fertilizers. The water soluble P includes free phosphoric acid, monocalcium phosphate, and alkali phosphates. The citrate-soluble (i.e., NACextractable) P includes dicalcium phosphate, hydrated Fe and Al phosphates, and a portion of the tricalcium phosphate present. The citrate-insoluble P includes the remaining tricalcium phosphate, anhydrous Al and Fe phosphates, and any undecomposed phosphate rock in the fertilizer (Ross and Beeson, 1934) . According to the Ross and Beeson report (1934) , the NAC extraction should extract dicalcium and some tricalcium phosphate, and hydrated Fe and Al phosphate. Through a sequential extraction, Hanotiaux et al. (1981) characterized the P forms in sludge from urban wastewater purification treatment plants. They identified organic P forms, and soluble / exchangeable P, as well as P associated with Al, Fe, and Ca.
This NAC extraction is used in laboratories across the country as a way of estimating the plant available P in commercial fertilizers. The state control laboratory of the PDA is one that uses this extraction, as dictated in the Pennsylvania Code. This extraction is also employed by the Association of Florida Phosphate Chemists (AFPC) in their Magruder Check Sample Program. The AFPC sends inorganic phosphate fertilizer check samples to participating labs across the country, who then analyze the material for various parameters, including available P, using the NAC extraction. The results are reported to the participating labs, and they can evaluate their results in comparison with all of the other participating laboratories. With the widespread use of this extraction, it was selected to evaluate "available" P in biosolids, while taking into consideration the fertilizer quality (i.e., P content) of the biosolid materials. Further, no reports have been identified that have used the NAC method to evaluate P in biosolids. Biosolid samples were selected based on the type of treatment method used at the wastewater treatment facility where the solids were generated. Samples were chosen to include materials from a wide variety of biosolids treatment processes: aerobic digestion, anaerobic digestion, lime stabilization, lime post treatment, composting, autothermal thermophilic aerobic digestion (ATAD), and heat drying and pelletization. The selection of biosolid materials also included a variety of chemical treatment processes for P removal, such as alum addition, ferric chloride addition, or biological nutrient removal (BNR).
MATERIALS
Manures (dairy and poultry) were included in the sample set because decisions regarding biosolids management are often made based on the way manures are being managed. For example, in the PSU Agronomy guide (1999) (2000) it is suggested that, in determining land application rates, biosolids should be treated as manures are, where P is considered to be 100% available. Manures were included in the sample so that this assumption could be evaluated, based on the results of the NAC extraction. A variety of manures, both dairy and poultry, as well as different treatments, such as dried and ground and composted, were evaluated.
Inorganic P fertilizers were included in the study as a way of checking the validity of any modifications to the extraction. The official, unmodified NAC extraction could be applied to the fertilizers, the results of which could be compared to the results of the modified NAC extraction. Inorganic P samples included triple superphosphate (TSP), diammonium phosphate (DAP), and monoammonium phosphate (MAP).
METHODS
This research project utilized a neutral ammonium citrate extracting solution. This solution was prepared by dissolving 370 g of crystalline citric acid into 1500 mL of distilled, deionized (DI) water. This solution was mixed using a magnetic stirrer, while adding 345 mL of (28-29%) ammonium hydroxide (NH 4 OH). The solution was cooled to room temperature. After cooling, the pH was checked and adjusted to 7.0, if necessary, using either the citric acid or the NH 4 OH. The specific gravity was also checked and adjusted to 1.09 at 20 o C if necessary by adding DI water. Each batch of solution was labeled with a corresponding batch number and was stored in a sealed container. This NAC batch number was recorded for each extraction carried out as a measure of quality control. Each time the solution was used, the pH was checked and readjusted to 7.0 using either citric acid or NH 4 OH as necessary.
The extraction procedure was conducted based on the protocols outlined by the AOAC in Methods 963. 03 and 960.03 (1995) . In order to get representative results, all sample materials were extracted in replicates of four due to the heterogeneity of some of the materials. Using the solids content (previously determined by AASL) of each sample, 1 gram (dry weight equivalent) of the sample material was weighed onto dry 9-cm Whatman No. 4 filter paper. The sample and filter paper were put into a 250-mL Erlenmeyer flask containing 100 mL of NAC solution preheated to 65 o C in the shaker bath. The flask was sealed with a screw-type cap, and this mixture was shaken vigorously for 15 seconds to disintegrate the filter paper and break up any large chunks of the sample. The filter paper, sample, and solution were shaken for 1 h at 65 o C.
After removal from the bath, the pH of each extracting solution was measured and recorded, as a way of documenting how much the sample itself affected the pH of the extracting conditions. After transferring the NAC / filter paper / sample mixture to 500-mL plastic bottles, DI water (preheated to 65 o C) was added to make a final solution volume of 500 mL.
The samples were then centrifuged for 15 minutes at approximately 3,250 rpm in order to help to separate the solids and liquids in the extract. After 15 minutes, approximately 50-75 mL of extract was filtered through 0.45-µm filter paper. This filtered extract was added to 0.5 mL of HNO 3 (1 + 1) to make a final volume of 50 mL of extract. These extracts were stored in labeled Nalgene sample bottles and refrigerated until they could be analyzed via ICP at AASL. The ICP analysis always occurred within two weeks of the day that the extraction took place, and more often, within one week. ICP analysis was conducted at the AASL according to EPA Method 6010 (1994b) . ICP atomic emission spectroscopy was used to determine the concentration of elements in the NAC extracting solution. In order to ensure the accuracy of the measurements, many quality control measures are routinely employed at the AASL (personal communication, Elizabeth Wenrick). For example, an initial calibration verification (ICV) standard is analyzed upon calibration to ensure that the machine is reading within 10% of the true values. Further, a continuing calibration verification (CCV) is analyzed after every ten samples to be sure that the calibration is maintained. If any one element reads outside of 10% of the true value, the machine must be recalibrated (if the suspect element is one of interest). Also, the machine is set such that the system is rinsed with DI water in between each sample analysis. This prevents buildup of excess material within the machine and at the tip of the nebulizer.
Some deviations from the official procedure were warranted, the most important involving the dilution of the sample before filtration rather than after filtration. The original protocol indicates that the NAC / filter paper / sample mixture should be filtered through Whatman No. 5 paper (volume of approximately 100 mL), with an additional 250 mL of DI water washed through the sample (for a total filtered volume of approximately 350 mL). Based on preliminary extractions by this researcher, obtaining 350 mL of the washing was impossible in a reasonable time span. By bringing the final volume to 500 mL before filtration, rather than after, only a fraction of the extract needed to be filtered. Adding the centrifugation step also made the filtration step much more easily accomplished.
The protocol is written for two different types of fertilizer materials: acidulated and nonacidulated. These terms refer to the way the fertilizer was prepared, by using an acid or not using an acid. For example, many commercial inorganic fertilizers, such as triple superphosphate, are prepared by reacting phosphate rock with phosphoric acid (Association of Florida Phosphate Chemists, 1970). Other types of fertilizers are prepared without the use of acid, known as non-acidulated. All of the biosolids and manures used in this research are nonacidulated. Therefore, the non-acidulated procedure was followed (and modified). When comparing the two methods, it can be observed that the acidulated method calls for the dilution to a volume of 500 mL before filtration, just as in this modified, non-acidulated method. The acidulated method also calls for dilution with room temperature DI, while the modified, nonacidulated method utilized DI heated to 65 o C. It is worth mentioning that in this respect, except for the centrifugation step and the temperature of the dilution water, the modified, non-acidulated procedure does not deviate from the protocol for the official acidulated method.
RESULTS AND DISCUSSION
The first objective of this project was to evaluate the standard neutral ammonium citrate procedure (as outlined in AOAC protocols 960.03 and 963.03, 1995) for its applicability in extracting P from biosolids. This is the official method used to determine plant-available P in fertilizers sold in the state of Pennsylvania (PA Code Title 7, Part III, Subpart C, Chapter 73, Section 8). Nowhere in the AOAC Methods of Analysis (1995) is mentioned the applicability of the NAC extraction to materials with such high organic matter, such as biosolids, manures, and composted materials. This procedure has typically been used to evaluate inorganic P fertilizers. The initial intent was to apply the NAC procedure to a large sample set of biosolids using the official protocol. It was determined that the protocol for the non-acidulated fertilizer extraction, as biosolids are non-acidulated materials, was incompatible with biosolid-type materials (i.e., high organic matter). This section will serve as a detailed explanation and justification of each of the modifications deemed necessary for the application of this extraction to the types of sample materials included in this research.
When the NAC extraction is applied to a traditional inorganic P fertilizers, the sample is previously dried and ground to pass through a certain size sieve, creating a fairly uniform sample. The extraction is then carried out on materials having a solids content of upwards of 85% to 90%. For a 1-g sample size, at least 0.85 g or so would be fertilizer, and only 0.15 g (or 0.15 mL) would be moisture, or water. In contrast, the solids content of the sample materials in this study averaged from 10% to 25%. With a 1-g (wet) sample size, as little as 0.10 g of the sample could be solids, with the remaining 0.90 g being water. This is much lower than the intended 1-g sample size. The option of drying, grinding, and sieving the biosolids was not chosen based on reports that drying biosolids significantly changes their characteristics, including the P availability of the material (Marks, 1978; Morel, 1980; Häni et al., 1981) . The materials in this study were all analyzed in the form which they would be applied to the land, as 'wet' materials. As such, it was important to analyze the materials just as they would be applied.
The decision was made to analyze one gram dry weight equivalent (i.e., the equivalent of one dry gram of solid material) of each sample material. For example, if a biosolid were found to be 20% solids, 5 g of the wet biosolid would be used for the sample size. (20% of 5 'wet' g equals 1 'dry' g of solids.) Similarly, if a composted biosolid were 50% solids, 2 g of the "wet" compost would be used. This decision ensured that 1 gram of dry solids would be used in the extraction of each material.
The next modification involved a filtration step. The method (AOAC, 1995) indicates that after the NAC / filter paper / sample mixture is removed from the hot water bath, it should be "…immediately filter(ed) by suction as rapidly as possible through Whatman No. 5 paper, or equivalent, using Büchner or ordinary funnel with Pt or other cone. Wash with H 2 O at 65 o C until volume filtrate is ca 350 mL, allowing time for thorough draining before adding more H 2 O." Whatman No. 5 is one of the finest grades of Whatman filter paper, having a pore size of 2.5 µm. Upon the initial filtration of the NAC / filter paper / sample mixture, the filter paper immediately clogged using an ordinary funnel. Although centrifugation is not included in the official protocol, it has been used in other applications of this extraction. For example, Charleston (1984) centrifuged his samples when extracting P from superphosphate fertilizers using this extraction.
During the next trial, a centrifugation step was included. The mixture was centrifuged at approximately 3,250 rpm for 15 minutes, and the supernatant was poured into the Whatman No. 5 paper in an ordinary funnel. Again, this almost immediately clogged the paper. The next attempt again included the additional centrifugation step, followed by prefiltering of the supernatant through Whatman No. 4 filter paper (pore size of 20-25 µm). The supernatant filtered quickly through this paper in an ordinary funnel. It was then attempted to pass this filtered supernatant through the Whatman No. 5 paper, and there appeared to be almost no difference between the prefiltered supernatant and the supernatant that was not prefiltered. The next strategy, after centrifugation, was using a 7-cm Büchner funnel with Whatman No. 5 paper (instead of an ordinary funnel) and approximately 20 in Hg vacuum pressure. This resulted in the liquid filtering through the paper at a somewhat workable speed. Since the vacuum seemed to significantly increase the filtering speed, it was then attempted to filter the mixture through a typical vacuum filtration apparatus, consisting of a funnel, base, clamp, and 0.45-µm filter paper. This set-up worked well and was selected for use. The decision was made to use 0.45-µm filter paper instead of Whatman No. 5 filter paper (2.5 µm), since filtering through 0.45-µm is the traditional method for defining dissolved solids. Using the 0.45-µm filter paper ensured that only dissolved P was contained in each of the extracts, which could then be compared to the dissolved P from the total P analysis. Analyzing for only dissolved extractable P was a way of reducing the variation and increasing the consistency among the results.
Although ICP analysis is not one of the approved analyses for use with the AOAC procedure, however, its use was justified. The total P measurements were conducted via ICP as well. By analyzing for total P in the extracts (i.e., extractable P) and total P in the biosolids themselves, there was a greater degree of consistency and confidence in the results. Analyzing both parameters via the same method eliminated one potential source of error in the research. The analyses were conducted using the same method, in the same building, by the same researcher. This fact helped to increase the reliability of the results. While ICP analysis has not been officially approved for this extraction, it has been investigated on several occasions by the AOAC for its applicability to measuring P in NAC extracts. For example, J.B. Jones (1982) reported that ICP yielded results for citrate soluble P 2 O 5 that proved to have good agreement with Magruder reference standards (R 2 =0.999). Also, Hamalová et al. (1997) investigated the use of ICP to determine P, K, and Mg in fertilizers. They found similar results, reporting that the results obtained from ICP analysis were comparable to those using the standard methods. However, it is unclear why no further work has been conducted by the AOAC using ICP analysis. Two projects were reported to the AOAC, each having results favorable to ICP analysis, but no follow-up work or suggestions for implementation could be found.
The use of ICP analysis with the NAC extraction was evaluated before proceeding. The possibility of interferences with the NAC extracting solution was evaluated. Standard solutions, having a matrix similar to the NAC extracts, of 0, 30, and 60 ppm P were prepared to represent an extracting solution similar to the solution to which the biosolids were exposed.
The extracting media used in this method consists of 20% NAC solution, some small amount of P extracted from the biosolids, 1% HNO 3 (for preservation), and nearly 79% DI water to make up the balance. The "dummy" standards were prepared in a similar fashion. Each standard had a final volume of 100 mL, and each concentration was prepared in triplicate. The standards were prepared as if an actual extraction were being performed. The NAC was preheated to 65 o C. Filter paper was added as if a biosolid sample were being treated. This mixture was shaken vigorously for 15 seconds to break up the paper and shaken in the hot bath for one hour. After removal from the bath, 245 mL of DI and 5 mL of HNO 3 were added to make a total volume of 350 mL. This mixture was centrifuged at approximately 3,250 rpm for 15 minutes and then filtered by vacuum through 0.45 µm filter paper. A working volume of 350 mL was chosen to leave sufficient volume to add the appropriate aliquot of 1000-ppm P solution. Table 1 summarizes the make-up of the 350-mL "dummy extract" as well as one fifth of each component. Three one-fifth subsamples of each standard (70 mL) were taken to prepare the three final 100-mL triplicates. The "Total" row in Table 1 includes the total volumes in the "dummy" extract. The "Final Solution Total" row in Table 1 represents the final solution volumes after the 1000-ppm P solution and any required DI water were added. These three NAC standard solutions were prepared in triplicate and analyzed for dissolved P via ICP at the AASL (Table 2) . Several points are noteworthy. First, a small quantity of P was detected (less than one half of a part per million) in the 0-ppm P standard solution. Such a small amount of P reported could easily be attributed to "noise" in the machine, or some minor impurities contained in the DI water, citric acid crystals, or NH 4 OH reagents. Second, some error was observed for the 30-and 60-ppm P standards. This error most likely comes from measuring the stock 1000-ppm P solutions. A very concentrated (1000-ppm P) solution was used to prepare the standards. Diluting from 1000 ppm to 100 ppm P could have potentially increased the accuracy, but further dilution has its tradeoffs in accuracy as well. Measuring out a larger volume of a less concentrated solution (i.e., the 100-ppm P solution) is more accurate than measuring very small volumes of more concentrated solutions. However, diluting from 1000 ppm to 100 ppm adds an extra measuring step during which error could occur. The error seen from the ICP analysis was consistent among all of the reps (i.e., approximately 10% for the 30-ppm and 60-ppm standards). So, it was determined that it was most likely due to an inaccuracy in measuring solution volumes, rather than some inaccuracy or interference of the ICP instrument.
Spiking of biosolids samples was used to determine if any of the biosolids themselves interfered in the analysis. Several biosolid samples were analyzed in quadruplicate to determine their P extractabilities. To one replicate, a volume of standard P solution was added to produce an increased theoretical P concentration. These modified extracts were then analyzed via ICP again to see whether the predicted P concentrations were reported. If an acceptable P concentration was recovered, then it was determined that the biosolid material was not significantly interfering with the ICP analysis. According to Elizabeth Wenrick, the ICP instrument operator at the AASL, an acceptable spike recovery is the expected value ± 25% (i.e., 75% to 125% of the expected P concentration).
The results from the spike analysis are shown in Table 3 . The theoretical P is the expected additional P recovery, calculated from the analyzed extract concentration and the volume of P solution added to the extract. The actual P is the additional P that was reported from the ICP analysis of the spiked samples. The recovery (%) is the ratio of the actual recovered P to the theoretical recovered P. The recovery for two of the three spiked samples (CB-01 and ANB-01) is well within the suggested range of an acceptable spike recovery. However, the recovery from spiking sample AB-01 is much below acceptability. This sample was rerun, and an odd result was again achieved, this time much above acceptable recovery. It was concluded that this was the result of some experimental error, or possibly the heterogeneity of the biosolid material. In order to evaluate the validity of the NAC extraction modifications, inorganic P fertilizer reference samples were obtained from the AFPC through Jayesh Pathak of the PDA in Harrisburg, Pennsylvania. These reference samples were part of the Magruder Check Sample Program that provides P source samples monthly to laboratories across the country. Each facility is provided a representative sample of a reference inorganic P source. They analyze this sample and report the results to the AFPC. In turn, the AFPC compiles the results and reports them to each of the participating facilities. Included in these results are the high, low, and mean results of each of the parameters being analyzed (for example, total moisture, total phosphoric acid (P 2 O 5 ), and available P 2 O 5 ). For this research, Mr. Pathak provided some of the recent AFPC fertilizer check samples. Extractions were conducted by this researcher by using both the official, unmodified extraction and the modified procedure. Both sets of results were analyzed via ICP at the AASL. These results were compared using a two-sample t-test. See Table 4 . Table 4 shows that the modified extraction tends to yield results that are slightly different than the results from the official analysis for these three samples. P-values from Student's twosample t-test are also in cluded in Table 6 . As can be seen, the p-values for the TSP sample (TSP-02) and the MAP sample (MAP-01) were both greater than an α of 0.05, indicating that there is not enough evidence to suggest that the results from the modified procedure and the results from the official procedure are statistically significantly different at a 95% confidence interval (α = 0.05). However, when considering the results from the DAP sample, having a pvalue of 0.015, there is evidence to suggest that the results from the modified NAC extraction and the official NAC extraction are statistically significantly different at a confidence interval of 95% (α = 0.05). With a more qualitative analysis, it can be seen that in each of the comparisons, none of the values differed by more than 4%. Thus, it can be concluded that the modified NAC procedure will yield results within 4% or so of those that would be obtained by completing the official procedure.
Another comparison that should be made is that between the results of the fertilizer analyses performed by this researcher and the results reported by the AFPC from their collaborators. These results were made available by the AFPC and were obtained directly from their website (http://www.afpc.net). See Table 5 . There is again some variation between the AFPC results and the results from the modified extraction technique (Table 5) . With the TSP-02 and MAP-01 samples, the p-values indicate that there is strong evidence that the available P 2 O 5 (P) is statistically significantly different according to the results of the two methods. One of the three samples, DAP-02, was not proven to be statistically significantly different. The AFPC values are the average of results reported from 50 or more labs each month, and the results from this research included the average of four replicates. More replicates of the samples using the modified method may have reduced the difference among the average results. In some cases, the results from the modified extraction fell between the reported low and high AFPC values. Also it is noteworthy that none of the AFPC results reported were based on analysis by ICP. In any case, the modified NAC extractions were < 6.5% different than the AFPC results, and < 6% different than either the high or low reported values for each fertilizer. While there are some recognizable differences from the official NAC method, the modified NAC method developed in this work will yield reliable results within a few percent of the official NAC method. These modifications will allow the NAC extraction to be applied to materials high in organic matter, such as biosolids, manures, and composted materials. The second objective of this research was to compare the NAC-P with the total P content of the biosolids generated by different treatment processes. There is no evidence in the literature that such a wide variety of biosolids have been analyzed using the NAC extraction for available P. The importance of this objective is emphasized by the fact that P availability is a function of many factors. Several of these factors, including stabilization method and chemical additions, will be evaluated in the next section.
The second objective of this research was accomplished by conducting the modified NAC extraction on each of the biosolid sample materials. The results of these extractions were then compared to the results of the total P analysis for each sample material as determined by AASL. A summary of the results obtained for this part of the project can be seen in Table 6 .
The results from this extraction for Mean Extractable P (NAC-P / total P) (%) range from a low of 75.18% to a high of 144.45%. Notably, there were 26 of the 48 sample materials with P extractabilities greater than 100%. Apparently, the NAC method extracts more P than even the strong acid "total" P digestion for some materials.
There is a possible kinetic explanation for the higher NAC-extractabilities. According to Blesa et al. (1994) , the degree of dissolution of Fe compounds is related to the number of carboxylate groups on the extractant. With only one carboxylate group, dissolution is low due to weak bonds to the Fe oxide. Four or greater carboxylate groups also cause low dissolution due to the bonds being too strong and being distributed over several surface Fe ions. Two or three carboxylate groups promote maximum dissolution of Fe oxides. To put this in perspective, the acid extractants in the total P digestions fall under the 'one carboxylate group' category. The NAC extractant falls into the 'three carboxylate group' category. With maximum dissolution of Fe compounds occurring in the presence of NAC, and low dissolution occurring in the presence of the total P extractant, the higher extractable P values than total P values could be explained. This is confirmed in a study conducted by Maguire et al. (2001) . The team utilized an oxalate extraction to measure P in biosolids. Similar to the NAC results, Maguire's team found oxalateextractable P values consistently higher than total P for several biosolids. Again, oxalate is a 'two carboxylate group' ligand, which explains the higher dissolution of Fe compounds, thus releasing more P into solution than in the total P digestion.
Another explanation for this discrepancy is the possibility of interference in the ICP analysis. At the onset, several biosolid samples were spiked with additional P solution to see if acceptable P recoveries were obtained. While these results were within acceptable spike recoveries, a small amount of interference was detected. For the sample materials checked, this interference varied slightly. It is possible that some of the other sample materials induced greater interferences, leading to some of the unusual results shown in Table 6 . Recall that the ICP analysis is not one of the AOAC-approved analyses for the NAC extraction, but that it was chosen so that the total P and the NAC-P would be analyzed via the same method. Yet, research has shown (Jones, 1982; Hamalová et al., 1997 ) that ICP analysis yields acceptable results for fertilizers. However, beyond the spikes done in this research, this has not been confirmed for biosolids. Further, the AASL routinely uses ICP for determining total P in biosolids, so the question of interference is from the combination of biosolids and NAC, not NAC or biosolids separately. Another point of interest with the results shown in Table 6 is the fairly narrow range of P extractabilities: 75-100%+. These results do not correspond with P plant availabilities reported in the literature. For example, biosolids have been found to have P extractabilities ranging from 36-90% when additional P removal was not employed, and from 17-54% when additional P removal was employed (de Haan, 1981) . Kyle and McClintock (1995) suggest that the P in raw biosolids is only 60% as available as in a traditional inorganic P fertilizer (MCP), which is considered to be essentially 100% available. In fact, McCoy et al. (1986) reported that with sludges treated with ferric chloride, plant uptake of P was 4% relative to uptake of P from MCP, and 0% relative to MCP for a sludge treated with Fe and Al sulfates! None of the results of the NAC extraction were in these lower ranges of P availability. This suggests that the NAC extraction may overestimate plant available P when the results are compared to results from uptake studies reported in the literature.
In the analysis of the NAC-P (%) results, the question remains as to whether the NAC procedure is an appropriate analysis to determine extractable P in biosolids. These results suggest that perhaps it is not the most appropriate analysis, based on the comparison of these results and related results reported in the literature.
Further, concurrent to this research, uptake studies were conducted using some of the same biosolids (O'Connor et al., 2000) . Bahiagrass was grown on two soils of differing P holding capacities (Candler and Immokalee soils). The results from this research indicated that most of the P in biosolids was extractable with NAC. (See Table 7 .) However, the uptake studies showed varying uptake rates of biosolids P. For example, at α = 0.05, ANDB-01, ALTB-01, and CANB-01 all showed significantly lower bioavailabilities than TSP, which is typically assumed to be 100% available. At α = 0.125, ANB-06 and ANB-07 also have significantly lower bioavailabilities than TSP (O,Connor et al., 2000) . While many conclusions of this research were based on previous knowledge gained from the literature, the results from this concurrent study affirmed the conclusion that the biosolids do have lower bioavailabilities than what was predicted using the NAC extraction.
The actual applicability of this test was established in the discussion of the first objective. It appears that, with the modifications discussed earlier in this chapter, the NAC extraction is physically compatible with the biosolids. However, in the analysis of the results of the NAC extraction, it appears that there may be something chemical leading to results that do not reflect many of the results reported in the literature. As such, it may not be the analysis best suited chemically to determining extractable P in biosolids. Again, the only way to determine this for certain is to conduct actual vegetative uptake experiments, analyze the plant tissue for P uptake, and compare these results to the results of the NAC extraction.
The third and final objective of this research was to investigate any possible correlations between the NAC-P and various methods of biosolids stabilization (e.g., digestion, lime treatment, composting, etc.), various biosolids chemical parameters (e.g., Al or Fe content, etc.), or combinations of both treatment method and chemical parameters. These results will first be summarized, and a detailed analysis and discussion will follow.
A summary of the chemical characteristics for each sample material is presented Table 7 . Al in the samples ranged from 0.07-6.68% dry weight, Ca ranged from 0.27-72.81% dry weight, Fe ranged from 0.10-12.85% dry weight, and Mg ranged from 0.18-1.22% dry weight. Although previous studies have led to the conclusion that bioavailability of biosolids-P is influenced by treatment method and the levels of other elements like Al and Fe (Corey, 1992) , because NAC approximates total P (determined by EPA method 3051), it tends to mask differences in P lability of various biosolids. This conclusion reinforces the idea that the NAC extraction is perhaps not the method best suited to determining agronomic levels of P in biosolids.
In further analysis, this data was then modeled, including the treatment type and the sum of Al and Fe contained in the biosolids. The sum of Al and Fe was selected based on the idea of the phosphorus solubility index (PSI) and recent work conducted by R. O. Maguire et al. at the University of Delaware (2000) and the work of Corey (1992). Maguire's study considered the sum of oxalate extractable Al and Fe as a way of predicting available P in biosolids. The PSI is equal to the ratio of oxalate-extractable P over the sum of oxalate-extractable Al and Fe, and usually includes some constant α based on P reactions, soil type, and other factors. While the PSI incorporates the extractable Al and Fe, rather than the total Al and Fe contained in the biosolids, the rationale for using the sum of the two metals in this research remains the same. Most of the P in municipal biosolids is bound to the chemicals used to precipitate it (i.e., Al and Fe). Considering the sum of Al and Fe in the biosolids is a way of estimating the amount of P which is largely unavailable based on the presence of metals to which it may be bound. Corey (1992) also considered the P content of sludges in terms of an Al plus Fe to P ratio "because it is the iron and aluminum in sludge treatment that usually precipitates the phosphorus. The more iron and aluminum you have, the more phosphorus you precipitate." He found that sludges from wastewater treatment plants that didn't use much Fe or Al had lower P availabilities. So, from the statistical analysis used in this project, it was determined that the sum of total Al and Fe in the biosolids has a strong influence on NAC-P (p=0.000). It was again found that the biosolid treatment type has weak effect (p=0.171) on the amount of P extracted by NAC. It should be noted that it is not likely that the sum of total Al and Fe is the only factor influencing NAC-P. Rather, it is more likely that some other variables not included in the statistical model are contributing to the P extractability. It is obviously a complicated model, and likely impossible to include every variable which is contributing to the effect. However, the analysis included the treatment method and the sum of iron and aluminum based on results reported in the literature that these two parameters have strong influence on plant availability of P. So, it was found that the sum of aluminum and iron does indeed have a strong influence on NAC-P, but that treatment method does not seem to greatly influence the results of this test.
Based on the results of the statistical analyses performed, no strong relationships were discovered between the NAC-P and the treatment method and / or chemical characteristics of the biosolids. This is possibly due to the aggressive nature of the NAC extraction. It was noted that in some cases, this extraction measured even more than did the total P extraction. Interestingly, the average of all P extractabilities from this research was 101.3%, very near 100%! This is more evidence to suggest that the NAC extraction is a better predictor of total P than of any measure of plant available P.
CONCLUSIONS
The NAC extraction, normally used for assessing the P content of inorganic fertilizers, was investigated for evaluating biosolids and manure P. It was found that with only slight modifications, (including a centrifugation step and dilution before filtration, rather than after) the method could be applied to biosolids in such a way that results could be obtained that were within a few percent of the results expected from the official procedure. This conclusion was based on the comparison of results from the application of both the official method and the modified method to traditional fertilizers. In some cases, the results could not be proven to be statistically equal. Although sometimes evidence showed statistically significant differences, the differences in extractable P from the two methods were not more than a few percent.
The NAC-P values were compared with the results from the total P analysis using EPA Method 3051 (1994a). These extractable P results ranged from around 75% of the total to approximately 143% of the total P. The NAC extraction did not yield results similar to the range of values reported in the literature, near 0% to 100%. In the statistical analysis, it was found that NAC-P nearly approximates total P, as determined by EPA method 3051. The NAC-P values were compared to the total P values, and they could not be proven statistically significantly different.
Further, over half of the samples had NAC-P values greater than the total P. Several explanations are offered for this. One possibility is that the NAC extraction is more aggressive than the total P extraction. The NAC extraction has a longer digestion time, a more concentrated extractant, and the digestion takes place under agitation at 65 o C. Perhaps such aggressive extracting conditions account for the higher extractable P values. Further, ligand assisted dissolution may have kinetic effects on the reactions. The NAC extractant promotes maximum dissolution of Fe compounds, leading to greater NAC-P than total P.
Finally, the results from the NAC extraction were analyzed in an attempt to identify any relationships between NAC-P and the biosolid treatment method, the chemical characteristics of the biosolids, and / or a combination of the treatment method and the chemical characteristics. Unfortunately, the NAC extraction did not prove to be an effective method of differentiating among biosolids P based on the type of treatment the biosolids received (i.e., anaerobic digesting, composting, lime stabilization, etc.) or based on most of the chemical characteristics of the biosolids. The broad range of P availabilities as reported in the literature (e.g., de Haan, 1981; Larsen, 1981; Häni et al., 1981; and McCoy et al., 1986) was not seen in results from this extraction, nor were any distinct relationships able to be identified. In the ANOVA analysis, however, it was found that the sum of the total Al and Fe in the biosolids had a strong influence on the resulting NAC-P.
While the results of this research did not indicate that the NAC extraction was a suitable method of evaluating biosolids for extractable (i.e., available) P, the project still proved to be useful. Biosolids have not been examined using this test before. Whether it is the most appropriate method or not, in Pennsylvania and many other places, this method is used to evaluate P in fertilizers. As biosolids are utilized for their fertilizer qualities, this extraction must be considered when attempting to identify the method for determining available P in biosolids. As it did not prove to be the best suited to this task, at least this is now known. Efforts can be focused on other P extractions to identify one that is better suited to the task. Further, other work should still be done to sort out some of the odd results from this extraction.
